Background. Often considered an inevitable part of male aging, benign prostatic hyperplasia (BPH) is the most common non-life threatening disease to affect men in Western populations. We examine age-related change in prostate size and BPH risk and related serum biomarkers among the Tsimane Amerindians of the Bolivian Amazon who live a traditional lifestyle of hunting and smallscale horticulture. The Tsimane are a critical case study for understanding the etiology of BPH as they have low levels of obesity and metabolic syndrome, as well as lower levels of testosterone than age matched U.S. males, factors associated with BPH in previous research. Methods. Ultrasounds were conducted on 348 men aged 28-89 years (median age 56 years). Testosterone, prostate specific antigen, sex hormone binding globulin, and glycosylated hemoglobin were examined in relationship to prostate size and BPH. Results. Tsimane have less than half of the BPH prevalence experienced by U.S. men, and prostate volumes 62.6% smaller. While Tsimane have low levels of testosterone and subclinical levels of metabolic syndrome compared to U.S. men, Tsimane with high testosterone were more likely to experience BPH, as were those with higher glycosylated hemoglobin, suggesting targets for clinical interventions to reduce BPH. Conclusions. These results have clinical significance for the growing number of men taking testosterone supplementation; even at low levels the additional testosterone exposure could be placing these men at higher risk of BPH. Overall, these data suggest that BPH may not have been an inevitable part of male aging throughout human evolutionary history.
can lead to compression of the urethra, dysuria, nocturia, incontinence, and incomplete urination (1) . Autopsy data indicate that at least 40% of men in their 50s and 90% of men in their 80s experience anatomical prostate enlargement beyond 20 cc, a condition called benign prostatic hyperplasia (BPH) (1, 2) . BPH has important health consequences, with approximately 40% of U.S. men requiring medical treatment for BPH in their lifetime (1) . In industrialized nations BPH is thought to be an inevitable aspect of aging (1) , and is the most common non-life threatening disease of aging experienced by men (3) . Despite only affecting the male sex, BPH is the 25th most common contributor to years lived with disability globally in 2010 (4) .
High circulating androgen levels are thought to play major contributing roles to BPH etiology. Higher levels of endogenous or exogenous testosterone and dihydrotestosterone (DHT) are associated with larger prostate sizes due to increased stromal and epithelial cell proliferation, as well as inhibition of cell death (2, (5) (6) (7) . Androgen deprivation treatments reduce prostate size and 5-α-reductase inhibitors slow prostate growth (7, 8) . The prostate is vital for male reproduction, producing one quarter of ejaculate volume (9) ;thus while there are reproductive benefits to early prostate growth, continued prostate growth at older ages results in negative consequences.
Lifestyle conditions including obesity (10) (11) (12) , metabolic syndrome (13) (14) (15) , as well as low levels of physical activity (16) are associated with an increased risk of BPH and other prostatic issues. Traditional subsistence populations show little evidence of diseases associated with sedentary lifestyles (17, 18) . For the majority of human evolutionary history, people lived in small populations practicing hunting and foraging, with a more recent shift toward horticulture, a lifestyle that requires higher levels of physical activity compared to sedentary Western lifestyles (19) . Given that most of human history occurred in environments very different from the cities and sedentary lives in which most people live today, examining prostate size and growth in a subsistence population can give insight into the etiology of the most pervasive benign disease of aging experienced by men (3).
The Tsimane, an indigenous population living in the lowland Amazonian region of Bolivia, rely on hunting, fishing, foraging, and small-scale horticulture for subsistence. The Tsimane live in villages of 30-500 people, with a population approaching 16,000 based on recent census estimates of the Tsimane Health and Life History Project (THLHP). Tsimane face relatively high levels of parasite and pathogen exposure compared to industrial populations as evidenced by high erythrocyte sedimentation rates, leukocyte and immunoglobulin levels, C-reactive protein, and diagnoses of infection (17, 20) . Although Tsimane experience high prevalence of infectious morbidity, there is little evidence of obesity, hypertension, heart disease, metabolic syndrome, or other diseases associated with aging in industrialized populations (17, 18) . Thus understanding the prevalence and correlates of BPH in a population without sedentary lifestyle risk factors is of special interest.
The Tsimane and other energy-limited populations experiencing high pathogenic stress face trade-offs between energetic allocations to immune function, and to reproductively beneficial but metabolically costly androgens (21, 22) . These populations show lower levels of testosterone across all adult ages as compared with men in industrialized nations (23) (24) (25) , as well as slower and shallower rate of decline with age (23) , or no association between testosterone and age (25) . Salivary testosterone is approximately 30% lower among Tsimane men compared to age matched U.S. men controlling for BMI (25) . Cumulative testosterone exposure is thought to be an important risk factor for prostate growth (26).
Thus we hypothesize that (1) Tsimane men, with significantly lower cumulative androgen exposure, as well as reduced rates of obesity and metabolic syndrome (eg glycosylated hemoglobin, HbA1c) will have smaller prostates than Western men, and (2) lower prevalence of BPH across the lifespan. The majority of circulating testosterone is bound to sex hormone binding globulin (SHBG), a carrier protein that along with albumin may limit the bioavailability of testosterone; though testosterone binding kinetics and the existence of bioavailable testosterone is a debated topic. Prostate specific antigen (PSA) is a hormone secreted by the prostate, and while there is controversy surrounding the predictive power of PSA in prostate cancer, PSA secretion is positively associated with prostate size in population samples, and thus (3) prostate size is hypothesized to positively covary with PSA (10, (27) (28) (29) . While Tsimane are hypothesized to have smaller prostates, reports from industrial populations indicate that men with larger prostates have increased lower urinary tract morbidity, and thus (4) we expect that Tsimane with large prostates will experience greater urinary tract morbidity (1).
Methods

Tsimane
All Tsimane men over the age of 40 years were invited from their home villages to a clinic in the nearby Bolivian market town of San Borja for medical evaluations. Transportation and food were provided by the THLHP and the acceptance rate was 92%. Of the 983 individuals (n = 495 males) who were seen in the clinic during 2009-2010 when prostate ultrasounds were conducted, a subset of 348 males were randomly selected, with 70 separate communities represented out of a possible 79 study communities. All participants provided informed consent, and protocols were approved by Institutional Review Boards at the University of California, Santa Barbara (UCSB) and University of New Mexico.
Prostate Size
A trained physician (ECL) measured prostate size with a Mindray M7 Diagnostic Ultrasound System (Shenzen, China) using a 3C5s convex array probe (3.5 MHz). Prostate volume measured from abdominal ultrasound is highly correlated with both gold-standard trans-rectal ultrasounds (TRUS) (30, 31) , as well as actual prostate size (32) , and is less invasive. Most comparative data from industrial populations (see above) measured prostate volume with TRUS, though there is conflicting evidence as to whether TRUS accurately estimates prostate size for smaller prostates; one study (n = 440) suggests that TRUS underestimates small prostates (<30 cc) (33), while another larger study (n = 2338) finds evidence that TRUS is more accurate for smaller prostate volumes (34) . If TRUS was systematically underestimating smaller prostate sizes, that would suggest that the comparative studies actually had larger prostates, and would only strengthen the finding that Tsimane have relatively small prostates. Here, prostate volume in cubic centimeters (cc) was estimated following the formula for an ellipsoid (30) . For additional ultrasound details, see Supplemental Material.
Prostate volumes above 20 cc are often considered indicative of anatomical BPH (2, 35) , though some studies have used cutoffs of 30 cc (36) or 40 cc (11, 15) ; men with prostates >40 cc often report more symptoms and worse outcomes (1, 15) . Many early studies used autopsy measurements of prostate volume (e.g., (2)), a technique recently validated by MRI studies (37) . Thus while several of the population comparison samples in this paper are from older studies, there are relatively few non-pathological studies with comparable quantitative prostate volume data.
Biomarker Measures
Fasting morning testosterone, SHBG, and PSA were measured at the UCSB Human Biodemography Laboratory from serum samples. See Supplemental Material for details.
Statistical Analyses
Hormonal measures were log transformed, with the exception of HbA1c which was normally distributed. Mixed effects linear and logistic regressions were used to analyze covariates of prostate size and BPH, with participant villages coded as a random effect.
Results
The 348 men in this sample ranged from 28 to 89 years of age, with a median age of 56 years. The median BMI in this sample was 23.4 (95% CI 20.2-28.7) kg/m 2 , and the median body fat 18% (95% CI 13-30%), see Table 1 .
Prostate Volume and BPH Prevalence Among Tsimane
Prostate volumes ranged from 4 to 67 cc, with a median volume of 16.5 (95% CI 7-34) cc. Prostate volume increased with age equivalent to 0.109 cc/y, (p < 0.001) controlling for height ( Figure 1 ). The prevalence of anatomical BPH (defined here as prostate size >20 cc) was positively associated with age, with the odds of BPH increasing each year by approximately 3.4% (95% CI 1.01-1.06, p = 0.002) controlling for height.
Prostate Volume and BPH Prevalence: Comparison to Industrial Populations
Compared to TRUS from multiple industrial populations including 1,240 Caucasian German men (27), 3,924 Caucasian Dutch men (38), 472 Caucasian Scottish men (39) , and 631 Caucasian U.S. men (40) , the Tsimane have significantly smaller prostate volumes (β = −13.51 cc, p = 0.015) controlling for age and height, and a shallower rate of change with age controlling for height (β = −0.41 cc/y, p = 0.002) (see Figure 1) .
The overall age standardized prevalence of BPH among men age 40-80 was 28.4% compared to 60.8% of U.S. men of the same age (2). For Tsimane men aged 60-80, an age standardized 31.7% presented with BPH, compared with 76.0% of U.S. men aged 60-80 (Table 2 ). Only 0.56% of this sample achieved prostate volumes greater than 40 cc compared to approximately 20% of U.S. males (15) .
BMI, Body Fat, and Metabolic Markers
There was no association between body mass index (BMI) and prostate size (p = 0.82), nor were men with a BMI above the median more likely to experience BPH (p = 0.67), controlling for age (see Tables 2 and 3) . Likewise, body fat percentage was not associated with prostate volume (p = 0.97), or BPH (p = 0.83), controlling for age and height. Neither systolic nor diastolic blood pressure was associated with prostate volume or BPH (all p>0. 29) , nor were individuals with high systolic (≥130 mmHg) or high diastolic (≥85mmHg) blood pressure more likely to have larger prostates or BPH (all p>0.43), controlling for age and height. However, men with higher HbA1c had larger prostates (β = 1.88, p = 0.033) and trended towards presentation with BPH (OR = 1.87, 95% CI 0.98-3.58, p = 0.057) controlling for age and height. Men with HbA1c greater than 6% trended toward a higher likelihood of BPH (OR = 1.70, 95% CI 0.883.27, p = 0.115), controlling for age and height.
Hormonal Measures and Prostate Size
Men with higher testosterone trended toward larger prostates (β = 1.22, p = 0.081), though greater testosterone is not associated with risk of BPH in a linear fashion (OR = 1.326, 95% CI 0.82-2.15, p = 0.25), controlling for age and height. Individuals in the lowest quintile of testosterone had smaller prostates and significantly less BPH than those in the top two quintiles controlling for height and age (OR = 2.65, 95% CI 1.13-6.20, p = 0.024 and OR = 2.37. 95% CI 1.00-5.60, p = 0.05).
There was a strong positive correlation between PSA and both prostate size (β = 1.74, p < 0.001) and risk of BPH (OR = 1.69, 95% CI 1.27-2.25, p < 0.001) controlling for age and height. The median PSA in this sample was 0.88 ng/mL (95% CI 0.11-3.64). Men with PSA greater than 4 ng/mL were more likely to present with BPH (OR = 10.43, 95% CI 1.97-55.22, p = 0.006).
SHBG was not associated with prostate size (p = 0.47), or BPH (p = 0.76).
Combined Models
A model with all potential characteristics thought to influence prostate size was also tested (Table 3) ; age, testosterone, and HbA1c remained in the model while other covariates were eliminated via AIC and log-likelihood ratio tests (height was included to control for individual differences in body size). PSA is a byproduct of prostate size and thus was not included in this model. A similar logistic mixed-effects regression model was also completed with BPH as an outcome; in this model age and HbA1c were the only significant covariates (Table 4) .
Urinary Tract Abnormalities
While Tsimane prostates were significantly smaller than those of men in industrialized populations, Tsimane men with prostates larger than 20 cc trended towards having more bacteria in their urine (β = 0.135, p = 0.096), especially Filamentous bacteria (β = 0.223, p = 0.009) controlling for age. Men with BPH also had more erythrocytes (β = 0.669, p < 0.001) and leukocytes in their urine (β = 1.736, p = 0.045) controlling for age.
Discussion
Tsimane men have significantly smaller prostate volumes, and a reduced rate of prostate growth with age compared to men in industrial populations. The Tsimane prevalence of BPH between the ages of 40-80 is less than half of what is seen in U.S. and British men (2, 35) , while more advanced cases of BPH (>40 cc) were almost non-existent (< 1% of Tsimane men). PSA is positively associated with prostate size in this population, consistent with previous studies (10, 27) ; men with PSA greater than 4 ng/mL were ten times more likely to present with BPH. Despite significantly smaller prostates and a reduced rate of BPH compared to industrial populations, Tsimane men with prostate sizes larger than 20 cc were more likely to experience urinary tract symptoms including higher bacterial loads, and blood in the urine. In this study, it was not possible to dissociate prostate cancer or prostatitis from BPH, and thus some of the larger Tsimane prostates and high PSA values could have been due to factors other than BPH, which could result in an even lower prevalence of BPH in this population. With a few notable exceptions, research into prostate size is largely conducted in urban European or American populations (36, 41, 42) . Studies of rural populations tend to report fewer Lower Urinary Tract Symptoms (LUTS), as well as smaller anatomical prostate size, and reduced prostate growth with age (36, 41) . A Korean study found that rural men with prostates larger than 30 cc comprised an age-adjusted 23.3% of their rural sample compared to 40% of an urban Korean sample (36), as measured by TRUS. We find an age-adjusted 6.6% of Tsimane presented with prostates greater than 30 cc in the current study. Only one other population has ever been reported to have a similar prevalence of small prostate size; a relatively uncontrolled study of autopsies conducted on rural Chinese farmers in the 1920s and 1930s reported a 6.6 % prevalence of BPH in men over the age of 40 years (41). Other (42) . While this is one of the only examples of prostate research conducted in a non-industrial population, it is unfortunately difficult to make direct comparisons between the Tsimane and the Ariaal as quantitative measures of prostate size were not collected. Among the Tsimane, self-report measures of urinary issues were not systematically collected, though men with larger prostates do have higher levels of bacteria as well as erythrocytes and leukocytes in their urine. Only two men volunteered complaints related to urination during their clinical consultation; one man presented with anatomical BPH (prostate size of 23 cc), while the second did not (prostate size 16 cc). More studies need to be conducted in non-western, non-industrial populations in order to fully understand the range of variation in prostate size and etiology of BPH. These results are consistent with previous theoretical and empirical studies suggesting that men with lower levels of testosterone have smaller prostates and are at a lower risk of BPH (6), and also that men with reduced obesity, circulating glucose, and metabolic syndrome face lower levels of BPH (10, 11, 14) . Despite relatively low, subclinical levels of glycosylated hemoglobin, HbA1c was positively associated with prostate size. Each one percentage increase in HbA1c was associated with an increase in prostate size equivalent to nearly two decades of prostate growth. Previous studies report that high circulating glucose and insulin dysregulation are associated with prostate size (14, 15, 44) . There are several potential biological pathways by which metabolic syndrome could impact prostate size; in vitro and in vivo experiments report that insulin is necessary for prostate growth, and that hyperinsulinemia as well as higher levels of IGF-1 and IGF-1 signaling are associated with increased prostate size (15, 44) . While obesity and hypertension are often associated with metabolic syndrome and prostate size (11, 14, 15) , body fat and blood pressure were not associated with prostate size in this study. That said, Tsimane men have relatively low levels of, and little variation in hypertension and body fat (eg (17,18) ). Even with subclinical levels of glycosylated hemoglobin, the strong associations between prostate size and HbA1c suggest that dietary interventions and treatment for metabolic syndrome would be an excellent starting point for reducing the risk of BPH.
Tsimane face reduced food security, high levels of parasite and pathogenic exposure, and physically intensive subsistence strategies (e.g. hunting and slash-and-burn horticulture), and thus Tsimane have a relatively low energy balance compared to industrialized populations. For prostate health, this has two potential effects; first, with reduced energy available, androgens like testosterone are maintained at a lower level (22, 25) . The relatively lower testosterone levels experienced by subsistence populations were likely the norm throughout the majority of human existence, while men living in industrial populations are not constrained by parasites, pathogens, or food insecurity and thus experience high, perhaps evolutionarily novel levels of testosterone. Indeed, cross-population studies find that men in more advantageous energetic conditions have both higher levels of testosterone in younger ages, as well as greater declines in testosterone at older ages (23) . Disparities in cumulative testosterone exposure (26) , especially during critical adolescent periods where prostate growth is the most rapid, may set men in industrial populations on a trajectory that results in BPH in late adulthood, while the lower levels of testosterone in subsistence populations may be protective against prostatic disease. Secondly, the relatively constrained energetic balance means that there is less energy and insulin to invest in tissue growth, including the prostate (44) . For Tsimane men that maintain a higher energy balance, as evidenced by higher testosterone and HbA1c, there is a trend towards increased prostate size. While the mechanistic etiology linking BPH and obesity needs further research, these results indicate that even for a lean, physically active population with subclinical levels of metabolic syndrome, higher levels of HbA1c were associated with larger prostate sizes. In industrialized populations, baseline obesity and metabolic syndrome are associated with larger prostates and increased prostate growth (11, 15) , and reports indicate that approximately 80% of variation in treatment response can be attributed to prostate size at baseline (45) .
There are two clinical policy recommendations from this line of research. The first is to begin treating both obesity and metabolic syndrome even at sub-clinical levels, before the onset of clinical BPH. The second policy implication is in relation to testosterone supplementation. Prescriptions for testosterone replacement have risen substantially in the last decade, especially for men without clear need of treatment (46) . Results presented in the current study suggest that even at low levels of testosterone, men with relatively higher testosterone are at an increased risk of anatomical BPH, thus caution should be observed with any testosterone supplementation, even at relatively low concentrations. In industrialized populations BPH is thought to be an inevitable consequence of male aging. The data presented here challenge this inevitability, and suggest that throughout much of human evolution, environmental conditions would likely have resulted in lower androgen levels, and limited access to sugar and calories, as well as increased physical activity, all of which would slow prostate growth. While the direct clinical applications of applying an evolutionary framework to a medical condition are not always apparent, BPH is a condition where applying evolutionary logic can provide profound insight into the etiology of the most common disease of male aging (47) . BPH may be an example of antagonistic pleiotropy; high androgen levels and prostate growth during puberty could yield fitness benefits at younger ages, but then at older ages continued prostate enlargement can have deleterious consequences (48, 49) . There is little reason for natural selection to have limited prostate growth as BPH was likely limited throughout most of the human evolutionary past, and individuals that did achieve large prostate sizes would only do so at late ages after completing reproduction, a life stage often considered to be in "selection's shadow" (48, 49) . Even then, the detrimental effects of an enlarged prostate are minimal compared to many other potential diseases of senescence.
Conclusion
Men living a traditional forager-horticultural lifestyle have smaller prostates and reduced prevalence of anatomical BPH compared to men living in industrial populations. In this population we see little evidence of enlarged prostates or BPH, suggesting that BPH may not be an inevitable part of male aging throughout human evolutionary history, and that industrialized life with increased risk of metabolic syndrome, sedentary lifestyle, and relatively high levels of testosterone may play a more important role in the etiology of BPH than previously considered.
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